A prerequisite of calcium signaling is the maintenance of cytoplasmic free Ca 2+ within a narrow, sub-micromolar range, compatible with cell viability. A variety of stress inducing agents and drugs can lead to a disruption of calcium homeostasis with ensuing toxicity. Amiodarone, an anti-arrhythmic drug with broad range microbicidal effect, has been shown to trigger a calcium burst in the yeast Saccharomyces cerevisiae. Recently, we reported that amiodarone elicits a starvation response, blocks cell cycle progression at multiple stages and represses the transcription of cell cycle genes. Here, we examine the connections between Ca 2+ -calcineurin signaling, nutrient sensing and regulation of the cell cycle.
Ca 2+ Signaling and Stress Response
Although Ca 2+ is a ubiquitous and versatile signaling molecule, prolonged or uncontrolled elevations of cytoplasmic free Ca 2+ lead to cell death. In yeast, a variety of environmental insults including osmotic shock, alkaline pH, cell wall damage, ER stress and exposure to high levels of mating factor trigger the influx of Ca 2+ and activation of a calcium stress response that is critical for survival. [1] [2] [3] [4] Calmodulin, the major intracellular Ca 2+ receptor, acts on a variety of downstream effectors, including the protein phosphatase calcineurin and calmodulin dependent protein kinases (CMK1,2). 5, 6 While not essential during normal growth conditions, calcineurin is critical for survival in calcium stress. One clearly defined pathway begins with calcineurin-mediated dephosphorylation of the transcription factor Crz1, which traffics to the nucleus and regulates gene transcription. 6 Ion homeostasis is restored by the induction of ion transporters (PMC1, PMR1, ENA1-5) and cell integrity is maintained by expression of β-1,3 glucan synthetase (FKS2), required for cell wall biogenesis. [7] [8] [9] [10] [11] [12] These adaptive responses to diverse stresses must be coordinated with a transient delay in the yeast cell cycle to maximize chances of survival. In the budding yeast Saccharomyces cerevisiae, a single cyclin dependent kinase Cdc28, drives progression of the cell cycle by coupling with G 1 cyclins (Cln1 and Cln2) in late G 1 phase and with G 2 cyclins (Clb1 and Clb2) in G 2 /M phase. 13, 14 Checkpoint mechanisms monitor cell status and allow progression of cell cycle to be coupled to stress sensors. Thus, a regulatory circuit based on inhibitory Tyr phosphorylation of Cdc28 by the Swe1 kinase, and release by the Mih1 phosphatase, mediates the morphogenesis checkpoint at the G 2 /M interphase. 15, 16 In response to hyperosmotic stress, cells arrest at G 2 /M following Swe1 dependent phosphorylation of Cdc28, and inhibition of Clb2-Cdc28 via the Hog1 mitogen activated kinase pathway. 17 Additionally, osmotic shock causes G 1 arrest, similar to the effect of nutrient deprivation, which is independent of Swe1 and Hog1. 18 The net result of hyperosmotic stress is an increase in cells in G 1 and G 2 stages and decrease in S phase, although the signaling pathways linking osmotic shock sensing to cell cycle block remain to be determined. 19, 20 Amiodarone and Ca 2+ Stress Given the importance of Ca 2+ in contributing to the cytotoxic effects of multiple stresses, Ca 2+ homeostatic and signaling pathways are excellent targets for the development of antifungal drugs. 21 One potential candidate drug is amiodarone, a K + channel blocker and anti-arrhythmic agent that has been prescribed for restoration of cardiac rhythms for more than two decades. 22, 23 Amiodarone is a cationic amphiphilic compound which can intercalate into the lipid bilayer and alter membrane fluidity. 24 Recently, it has been shown to have broad range microbicidal effects against bacteria, fungi and protozoans. [25] [26] [27] In yeast, amiodarone elicits an immediate, dose-dependent burst in cytoplasmic Ca 2+ , 21, 28 followed by the appearance of cell death markers including fragmented mitochondria and DNA degradation. 29 Similar to hypertonic shock (1 M NaCl), 2 which elicited a rise in cytosolic Ca 2+ to ~3 μM, 20 μM amiodarone elevated Ca 2+ to 2.2 μM within 1-2 minutes. 30 Concomitantly, metabolic activity decreased and cell death ensued. Overall, 15 μM amiodarone increased the doubling time of the yeast culture by two fold, with complete cessation of growth by 20 μM. 31 Although the immediate targets of amiodarone are not known, fungicidal activity was shown to be tightly coupled to Ca 2+ influx. 30 To gain further insight into the mechanism of amiodarone toxicity, we recently profiled the transcriptional response of yeast to 15 μM amiodarone. 31 Nearly 350 genes showed differential transcription (≥2 fold) within 10 minutes of amiodarone treatment, with considerable diminishment of the transcriptional response over time. As expected, greater than half of the genes showing altered transcription to drug also responded to Ca 2+ stress (200 mM CaCl 2 ) 32 and hierarchical clustering analysis confirmed that the overall transcriptional response to amiodarone most closely resembled the response to high CaCl 2 .
Amiodarone and Cell Cycle Block
Of the 134 genes that were down regulated by at least 2 fold following 10 min. exposure to amiodarone, most prominent were functional categories of cell cycle (33%; p value 1.19E-07), cell communication (12.5%; p value 2.49E-05), and cell type differentiation (19%; p value 1.6E-05). 31 As shown in Table 1 , all stages of the cell cycle were represented, suggesting that amiodarone blocked cell cycle progression at multiple points. Flow cytometric analysis of amiodarone treated cells showed an immediate and transient increase in cells populating G 1 and G 2 and a prominent decrease in S phase (Fig. 1) . Studies with cells synchronized at S and G 2 phase revealed that amiodarone also delayed passage through S phase and confirmed the blockage at G 2 /M transition. 31 Over time, normal cell distribution was regained, correlating well with return of transcription to normal levels at 6 h after amiodarone addition.
We note the general similarity to hyperosmotic-induced cell cycle block, consistent with a similar Ca 2+ burst elicited by hyperosmotic conditions. 17 Our analysis of the transcriptional profile in 200 mM CaCl 2 from the data of Yoshimoto et al., 32 revealed a similar enrichment of cell cycle regulators among repressed genes, confirming that amiodarone-induced cell cycle block is mediated, at least in part, by Ca 2+ stress. Exposure to high Ca 2+ has been reported to arrest cells in G 2 phase, evident in a zds1Δ background. 33 Amiodarone mediated G 2 block was dependent on Swe1 kinase, as were the G 2 arrests in response to high Ca 2+ (in zds1Δ), 33 ER stress 1 and hyperosmotic stress. 17 Furthermore, in the absence of calcineurin (cnb1Δ) or calcineurin inhibition (addition of FK506), amiodarone treated cells failed to arrest in G 2 and underwent increased cell death. 31 Taken together, these findings lead to the conclusion that Ca 2+ signaling leads to Swe1 mediated G 2 block in amiodarone.
The appearance of sub-G 1 and sub-G 2 populations of cells after 1 h of amiodarone treatment suggested DNA degradation in dead cells, 31 consistent with previous observations. 29 While DNA damage causes strong arrest at G 2 /M transition, the G 2 /M arrest within minutes of amiodarone addition may not be mediated by DNA damage checkpoint mechanism, although a later response cannot be ruled out. Gasch et al., 34 identified specific features of the transcriptional response to DNA damage, including Mec1-dependent up regulation of ribonucleotide reductases (RNR2, RNR4), RAD genes involved in recombination (RAD51, RAD54) and the protein kinase gene DUN1, many of which were down regulated in the amiodarone response at 10 min.
Amiodarone and Nutrient Response
To understand the basis for amiodarone induced block in G 1 and other stages, we analyzed transcriptional profiles of the set of 419 yeast cell cycle genes from published databases. Using a clustering approach, we identified environmental conditions that elicited transcriptional changes in cell cycle genes most closely resembling amiodarone response. 31 In addition to Ca 2+ stress, we found that the amiodarone response of cell cycle genes best matched conditions of nutrient limitation observed during diauxic shift, nitrogen depletion Transcriptional profiling of exponentially growing yeast treated with amiodarone (15 μM, 10 min) has been described. 31 51 cell cycle genes (according to SGD annotation), found to be repressed by at least two fold in one representative DNA microarray experiment, are grouped according to the phase in which their functions are required to drive cell cycle progression. 
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and stationary phase. Overall, the global response to amiodarone also resembled conditions of nutrient starvation, with the majority of induced genes involved in utilization of alternative carbon and nitrogen sources and mobilization of energy reserves. 31 At least part of this nutrient response was not mediated by Ca 2+ , including a drug-specific signature of some 52 genes, suggesting that amiodarone disrupted nutrient sensing by a distinct pathway. In the absence of nutrients, yeast accumulate as unbudded cells in G 1 arrest, 35 and we therefore hypothesized that amiodarone mediated G 1 arrest occurred through activation of the nutrient starvation response. The best studied signaling mechanism linking nutrient status to cell cycle is the Ras/cAMP/PKA pathway. Gpa2 and Ras1/2 are G proteins activated by glucose sensors on the plasma membrane, leading to stimulation of adenylate cyclase (Cyr1) and increased cAMP production. 36, 37 This second messenger binds to the regulatory subunit of cAMP-dependent protein kinase or PKA (Bcy1/Sra1) to release inhibition of the catalytic subunits (Tpk1/2/3) and promote cell proliferation and growth. Inhibition of the PKA pathway, due to drop in cAMP levels, impairs cell cycle progression and elicits stress and starvation responses such as increased utilization of alternative carbon sources. [38] [39] [40] Either loss of PKA activity, or nutrient starvation lead to accumulation of small, unbudded phenotype associated with G 1 block. Therefore, an attractive explanation of both starvation responses and G 1 arrest is that amiodarone disrupts the PKA pathway. Consistent with this hypothesis, adenylate cyclase (CYR1) transcripts were down regulated within minutes of amiodarone addition, whereas GPA2 transcripts went up, as did several targets under repression by the PKA pathway (TPS2, DCS2, HSP12, GPH1). 31
Model for Amiodarone Mediated Cell Cycle Block
We propose that the block of cell cycle progression elicited by amiodarone involves multiple pathways, depicted in the model of Figure 2 . Amiodarone is known to interact strongly with the lipid bilayer and alter membrane fluidity. 24 We suggest that this disrupts the functions of nutrient sensing apparatus (e.g., Ras1/Ras2 and Gpr1/Gpa2) leading to downstream effects resembling nutrient starvation. Inhibition of Cyr1, combined with transcriptional repression of the gene 31 (presumably through an independent mechanism), would serve to lower cAMP levels. A decline in cAMP leads to decrease of Cln3 protein and subsequently repression of CLN1 and CLN2; 39, 41, 42 together, these halt cells at G 1 . In addition, amiodarone appears to alter membrane potential (unpublished observations), which likely leads to opening of plasma membrane Ca 2+ channel(s) and Ca 2+ influx. The resultant spike in intracellular Ca 2+ activates the Ca 2+ /calmodulin/calcineurin signaling pathway. Numerous pathways have been proposed to lead from elevated Ca 2+ to degradation or inhibition of Hsl1 kinase, a negative regulator of Swe1, resulting in elevation of Swe1 kinase activity and thus G 2 arrest. [43] [44] [45] [46] According to Miyakawa and Mizunuma, 47 activation of calcineurin stimulates (i) transcription of SWE1, (ii) degradation and delocalization of the Swe1 inhibitor Hsl1 via Mpk1 and Mck1 kinases, and (iii) degradation of Yap1 and subsequent downregulation of expression of RPN4 (a transcription factor that stimulates expression of proteasome genes), eventually converging to activated Swe1. However, not all pathways proposed by Miyakawa and coworkers are involved in amiodarone-induced G 2 arrest. For example, amiodarone induced by 1.7-fold, rather than repressed, expression of RPN4 and did not repress any proteasome genes. 31 Furthermore, amiodarone repressed, rather than upregulated, CLN2 and did not alter SWE1 transcription. 31 Thus, although our data indicated that amiodarone mediated G 2 arrest is dependent on calcineurin and SWE1, there was no evidence for a change in Swe1 turnover by repression of proteasome genes, nor did we see upregulation of CLN2 and SWE1. Interestingly, the DNA microarray study reported by Yoshimoto et al., 32 showed that exposure to high CaCl 2 represses CLN2 and SWE1 transcripts by two-fold and does not significantly alter expression of RPN4. 32 Therefore, we propose a more limited model in which Ca 2+ signaling, in conjunction with Mck1 (GSK3-like kinase) and the protein kinase C-activated MAP kinase pathway (Bck1/Mpk1) regulates the inactivation of Hsl1, leading to Swe1 activation and G 2 arrest. Our earlier observation that the mpk1/slt2 null mutant exhibits hypersensitivity to amiodarone 21 is consistent with this model. Additional MAP kinase pathways responding to cell integrity and membrane stress, such as the Hog1 stress activated MAP kinase pathway, pheromone response and filamentation/invasive growth signaling, are likely to be involved, based on the microarray data in response to amiodarone. 31 While the details of the model await experimental testing, it is clear that amiodarone, by inserting a 'spoke in the wheel' of the cell cycle, offers potential insights into the complex regulatory circuits that link cell cycle progression to membrane stress, nutrient response and Ca 2+ signaling. Hypothetical model for amiodarone-mediated cell cycle block. At the plasma membrane (PM), the amphiphilic drug amiodarone (AMD) inserts into the bilayer where it disrupts nutrient sensing and opens Ca 2+ channels. One plausible pathway, leading from glucose sensing to cAMP/PKA signaling and G 1 block is shown, although other pathways responding to carbon and nitrogen limitation and membrane stress are also likely. Elevation of cytoplasmic Ca 2+ activates Ca 2+ /calcineurin signaling leading to Swe1-mediated block at G 2 /M, as discussed in the text. The model provides a broad framework that links progression of cell cycle to membrane perturbation, nutrient response and ion homeostasis.
